Numerical simulations are performed in the framework of nonlinear two -dimensional magnetohydrodynamics to investigate the influence of mass loading on the solar wind interaction with Venus. The principal physical features of the interaction of the solar wind with the atmosphere of Venus are presented. The formation of the bow shock, the magnetic barrier, and the magnetotail are some typical features of the interaction. The deceleration of the solar wind due to the mass loading near Venus is an additional feature. The effect of the mass loading is to push the shock farther outward from the planet. The influence of different values of the magnetic field strength on plasma evolution is considered.
Introduction
Data from the Pioneer Venus Orbiter (PVO), as well as data from Venera 9 and 10 and other sources, have contributed to a growing understanding of the interaction of the solar wind with an unmagnetized planet such as Venus. The general picture derived from the available data is that, for typical solar wind conditions, an electrically conducting ionosphere deflects the supersonic and superalfv_nic solar wind around the planet. A bow shock forms upstream of the ionosphere and serves to slow and also assists in deflecting the solar wind. The size of the bow shock depends on the sonic and alfv_nic Math numbers and on the shape and the size of the effective obstacle, whereas asymmetries in the shock shape are determined by the direction of the interplanetary magnetic field (IMF) [Khuvana and Kivelson, 1994] .
ghang et al. [1990] have proven that at Venus the effective obstacle undergoes a systematic size change of 0.13 R_ (where R_ is the radius of Venus) during a solar cycle. The boundary separating the shocked and magnetized solar wind plasma from the thermal ionosphere plasma is referred to as the ionopause, and the region between the bow shock and the ionosphere is referred to as the magnetosheath.
The inner portion of the magnetosheath contains a region of enhanced magnetic pressure referred to as the magnetic barrier [e.g., , 1986] . There are physical processes involved in these relatively large-scale interaction regions as well as in the magnetic tail that the present work has appfication to.
Luhmann
ghang et al. [1991] have used PVO data to show that the convected field gasdynamic model of Spreiter et al. [1966] predicts the correct bow shock location if the magnetic barrier is taken as the obstacle around which the plasma is deflected.
They also found that the magnetic barrier is strongest and thinnest (about 200 km thick) at the subsolar point and becomes weaker and thicker at the terminator.
The magnetic barrier is responsible for transferring most of the solar wind dynamic pressure to the ionosphere through the enhanced magnetic pressure. Observations at Venus have revealed that a magnetic tail forms as a consequence of the solar wind interaction with the Yenusian ionosphere. The portions of IMF lines passing near the surface of Venus are slowed due to the interaction with newly ionized atmospheric neutrals. The two ends of the magnetic ropes continue to be pulled downstream by the solar wind [e.g., Spreiter and Stahara, 1980] . Slavin et al. [1989] have estimated that the magnetotail extends to between 50 to 150/L, from the center of the planet for a typical solar wind flow with the AlfvSn speed V_ = 60 km/s and the Alfv_n Mach number MA --7.2.
A study by Nagy et al. [1981] showed that Venus has a dayside neutral exosphere dominated by oxygen at altitudes above ,_ 400 km calculated from the planetary surface. The exospheric oxygen together with other particles present can be ionized by solar radiation and charge exchange.
Newly ionized particles are electromagnetically coupled to the shocked solar plasma of the magnetosheath.
As a consequence, near the ionopause the plasma becomes mass loaded due to interactions with ions, particularly O + [e.g., Luhmann et al., 1991] .
Model computations
by Gombosi et al., [1980] using input from PVO ionosheath and neutral atmosphere profiles indicate that approximately 10 % by number of the solar wind protons may undergo charge exchange with neutrals at ionopause altitudes.
As a result of the mass loading (ML), the plasma is slowed and compressed. When the plasma then flows around the planet into the 2547 https://ntrs.nasa.gov/search.jsp?R=19970026625 2020-02-13T05:04:13+00:00Z AND STEINOLFSON: SIMULATIONS OF MASS LOADING magnetosheath, momentum conservation requires an increase in flow speed into the magnetotail.
It has been noted by Luhmann [1986] that the above generM behavior tends to prevail providing the thermal pressure in the upper ionosphere is sufficiently larger than the solar wind pressure and the pressure balance occurs where the ionospheric plasma is collisionless. As More efficient pickup of newly created ions should occur over the hemisphere that produces an electric field directed outward, away from the ionosphere.
Luhrnann et al. [1991] and Phillips et al. [1986] have presented observations indicating an increase in the magnetic field intensity and current over the hemisphere where the electric field is directed outward.
The enhanced solar UV during solar maximum increases the ionization rate of neutrals, which moves the bow shock out from the planet both in the equatorial plane and at the terminator [Zhan 9 et al., 1990] .
Similarly, Alezander and Russell [1985] have shown that the position of the bow shock at the terminator depends on solar activity. This dependence may be indirect evidence of ML since, when the solar EUV is high, more mass may be added to the shocked solar wind, thereby forcing the bow shock to recede from the planet. Linker et al. [1989] and velocity are most pronounced in a wake region. However, this theory was developed for the case of Io's atmosphere, which is described by MHD equations with the source terms in the mass continuity, Euler, and energy equations.
In the case of Io, the magnetic field lines are in the north-south direction and are perpendicular to the horizontal flow.
Recent computer simulations of the three-dimensional global interaction between the solar wind and unmagnetized bodies have proven to be extremely useful for improving our understanding of the associated largescale processes [e.g., Wu, 1992; Tanaka, 1993; Cable and Steinolfson, 1995; Gombosi et al. 1994; McGary and Pontius, 1994] . Venus is of particular interest since the planet does not have a significant intrinsic magnetic field, and the interaction of the solar wind with Pontius to study the nightside and to discuss various strengths of the magnetic field. We also considered a more realistic spherical model.
The paper is organized as follows. The physical model used in the present study is described in the next seetion. Section 3 describes the numerical model which is used in the present studies. We present and discuss our detailed results in section 4. The paper concludes with a short summary.
Physical Model
We solve the following form of the compressible MHD equations as an initial value problem: 
v. B = 0.
Here p is the plasma density. V is the velocity. B is the magnetic field, p is the plasma pressure, and q0 is the production rate at a reference altitude ho. Ho is the scale height of the hot neutral oxygen population, and the ratio of specific heats is 7 : 5/3. The code is constructed in such a man-ner that it can be applied to a single r, 0 plane when the phenomenon being studied is cylindrically symmetric about the poles at 0 = 0 and/9 = 180°, as is the case when the magnetic field is parallel to the solar wind
0.5, no load 0.5, load ---10, no load 10, load /'/; I'l: I  I  I  I  I  I  I  J  I  I  I  I  I  I  I  I  I  I  ¢  I  I  I  I  I  I  I  I  J  I  I  I  I  I  I  I  I  I  J  I  I 
,o° iL°1 fleld and the plasma fl = 0.5. Here, poo is the density of the solar wind. The effect of mass loading (ML) is to increase the mass density in the overall region, except the tail region in which the mass density is reduced. poo denotes the solar wind mass density.
CFL condition,
At __ AI/[V], where the cell size is AI and V is the fastest physical speed in the system. [1995] .
We used a simple model for the boundary conditions that is physically motivated and performs adequately well. Venus is modeled as a hard, highly electrically is initialized in a similar way, except that B is skewed with respect to the solar wind flow by the desired angle.
In the present paper, this angle is 0°. This is clearly not a frequently occurring case [Phillips et al., 1986] , but it is a reasonable first-order approximation which will serve as a reference for comparison with results for cone angles of 45°and 90°. These processes will be realistically modeled in future calculations. Other physical parameters are chosen the same as in the work by Cable and Steinolfson [1995] . As a first step to apply the methodology to the problem of ML in the atmosphere of Venus, we consider an axisymmetric ease with the magnetic field lines parallel to the solar wind flow. Consequently, B is parallel to the Sun-Venus line and the entire solution is rotationally symmetric around this line, a/0$ = 0. We used the numerical technique described in the previous section to obtain a solution of the set of (1)-(5). The flow is from left to right and all physical quantities are either symmetric or antisymmetric about the lower boundary.
Results
As shown in Plate 1, the mass density is increased in the case of mass loaded (ML) solutions. This finding is consistent with a simple analysis of mass continuity equation (1) and with previously published results [e.g., Linker et al., 1989; McGary and Pontius, 1994] . However, a more detailed close-up reveals that in the taft and terminator regions the mass density is reduced by the ML effects ( Figure  1 ). Similar reduction is observed in the case of/3 =-0.5 along the Sun-Venus line, at r __ 1.07 R_ ( Figure  la) . The density reduction does not occur at the terminator for /_ = 0.1, while this effect takes place for/_ = 0.5 and /_ ---10 (Figure lb) . The density depletion is stronger for a higher value of/_. Just at the planetary surface, at r < 1.3 R_, the mass density increase is observed (Figure lb) .
In the magnetotail, the plasma density reduction occurs at the planetary surface for all values of the plasma 13.
Again, the rate of density depletion is proportional to ft. The case offl --0.1 differs from the other cases just as at the planetary surface p is increased, but farther on there is a region of mass depletion which is followed by a region of mass enhancement ( Figure  lc) . To our Figure 3c ). Consequently, pNLVNL = 6.125 > PMLVML = 6. Therefore the effect associated with this nonlinear term overcomes the density increasing effect exerted by the exponential term q0exp [-(h-ho)/Ho]. The density reduction in the tail may also be due to the changed shape of the bow shock. A different bow shock shape may result in less mass being carried into the tail, regardless of other factors.
It follows from Euler equation (2) that we can expect the reduction of a velocity magnitude because conservation of momentum and energy requires that the plasma flow is decelerated as a consequence of the mass density reduction.
Plate 2 presents results both for the ML and no loading (NL) simulations. By examining the two solutions, one can see a fundamental difference between them. The effect of ML is to decrease the flow. A decreasing rate is highest in the tail region where slow flows in the case of NL are much more reduced by ML. The decreasing rate is larger for a smaller value of/3 at the terminator and in the tail region. The plasma starts decelerating because of ML well ahead of the shock. In the subsolar region, this rate is largest for/3 = 0.5. A large flow deceleration occurs also at the terminator, dose to the planetary surface where the plasma flow drops from V_vL _-5.7 to VML _--4.2 (Figure 2b) . Inspection of Plate 2 reveals the global structure of the shock and the stagnation region behind it. [Mihalov et al., 1982] and the gasdynamic results by McGary [1993] .
From ( , 1994] . The behavior of T is interesting to discuss in more detail as a function of the radial direction r at different locations of 0.
In the case of 0 : 0, for/3 = 0.1 and/3 : 10 the temperature is decreased by ML both at the planetary surface and at the sunward side of the bow shock ( Figure  4a) , while in the shock the effect of ML is neg- The bow shock at the terminator is shifter farther away farther away from the surface of Venus. case of/9 = 0.5 for the ML curve. Now, however, ML cools the plasma at the planetary surface but warms it in the bow shock region.
The temperature increase at the bow shock was observed recently by Gombosi et al.
[ 1994] in their simulations of the interaction of an expanding cometary atmosphere with the solar wind. At the terminator, the plasma is warmed by ML ( Figure   4b ).
The warming is more significant at the planetary surface and is higher for a higher value of/9. The cooling occurs at the magnetotail ( Figure  4e ). The cooling rate is higher at the surface of Venus and for a smaller value of 19. This is a consequence of the pressure decrease at the planetary surface ( Figure  3c ). The mass density is increased for/3 = 0.1 and decreased for/3 = 0.5 and /3 --10, but the decreasing rate is smaller than the pressure decreasing rate ( Figure  lc (3)wherein as a consequence of -s.5 V decrease we expect the magnetic fieldreduction by the ML effects.However, V couples nonlinearlywith the magnetic field.The coupling occurs through the term V x (V x B), which determines the overall behaviorof the magnetic field ratherthan the plasma flowV only.
Inspectionof Plates 1-5 revealsthat a bow shock is formed upstream of Venus. The principaleffects are that the bow shock is displacedfartherfrom Venus in the case of the ML plasma [Belotserkovskii et al., 1987; Breus et al., 1989; MeGary and Pontius, 1994] . et al., 1984; Russell et al., 1990] . Average subsolar and terminator distances of the bow shock are about 1.15 R_ and 2 R_ (from the center of the planet), respectively. To match the observed locations (at the nose) of the bow shock, the MHD model requires that the mass loading be greatly enhanced.
Russell and Zhang [19921 in their analysis of PVO data found that during periods when the solar wind magnetosonic
Mach number is near unity and the plasma beta is low, the bow shock may travel to distances greater than 10 R_ away from the planet.
On the basis of previous work on the formation of MHD shocks in coronal mass ejections [Steinol/son and Hundhausen, 1990] , it was felt that the solar wind conditions had become (during the far bow shock excursions) such that the usual fast MHD shock is no longer a stable solu-
tion.
The lower than normal plasma beta and magnetosonic Much number are in a parameter regime for which the usual fast-mode bow shock close to the planet may not provide the necessary compression and deflection of the solar wind. Using MHD simulations, it was o_/2_ shown [Steinolfson and Cable, 1993] that, for these conditions, the usual fast shock is replaced by a bow shock Plates 1-5 exhibit waves which propagate along the bow shock boundaries.
We have checked that these waves are not numerical artifacts as they do not disappear for a finer numerical grid and are persistent in time (not shown).
These waves are generated by the solar wind impact, which is exerted by the solar wind on the plasma surrounding the planet. The first impact shifts the plasma towards the surface of Venus, while later in time the magnetic field recovers and the plasma is displaced farther away from the planet. Moreover, the bow shock first builds closer to the planet and then itsaltitudesat the equator (0 = 0°) and at the terminator (0 : 90°) grow in time. As a consequence, the nose of the bow shock oscillates in time. The Alfvdn and slow oscillations, which are guided by the magnetic field lines [e.g., Murawski et al., 1995] , are fed by the Kelvin-Helmholtz (KH) instabilities [e.g., Rankin et al., 1993] , which are more apparent in the ease of a weak magnetic field case. Figure 7 presents the radial component of the plasma flow as a function of time and for fl = 0.1 and/3 = 10. This component is calculated at a spatial position which is very close to the bow shock. As expected, the stronger magnetic field makes the flow less unstable as the amplitude of oscillations is smaller in the case offl = 0.1 than in the case of_ = 10. The is satisfied easier for a less magnetized flow. In this formula indices 1 and 2 correspond to variables on different sides of the bow shock, while o_i denotes the growth rate of the KH instabilities.
It is easy to find out that the flow is unstable (_/2 > 0) for a non-magnetic plasma (B 1 : B 2 : 0) . On the other hand, strong magnetic fields can make the flow stable (w_ < 0). Intermediate values of the magnetic fields stabilize the flow and in particular the flow can be marginMly stable (w_ = 0).
These instabilities occur in the region where the flow has a large gradient such as at the bow shock. Assuming that the wave propagation k is parallel to the flow V and magnetic field B, it follows from (10) that
where now the plasma parameters are normalized by the units of the solar wind. VA is the Alfv6n speed of the solar wind. At the surface of Venus, V2 = B2 = 0. Upstream of the bow shock, the mass density Px and the plasma flow V1 are hardly dependent on the plasma/5. Therefore we can put Pl -_ 0.95 and V1 -_ 6.7
in normalized units. For /5 : 0.1 (/5 : 10) we have P2 _-3.9 (P2 -3.7) and Bt _-0.93 (Bt -0.91). It is easy to check that the right-hand side of (11) is positive, indicating that the flow is KH unstable for both/5 = 0.1 and/5 : 10.
Summary
The interaction of the solar wind with Venus is stud- 
